A theory of classical metric and matter fields in spacetime is locally causal if the probability distribution for the fields in any region is determined solely by physical data in its past, i.e. it is independent of events at space-like separated points. This is the case according to general relativity, and it is natural to hypothesise that it should also hold true in any theory in which the fundamental description of space-time is classical and geometric -for instance, some hypothetical theory which stochastically couples a classical spacetime geometry to a quantum field theory of matter.
I. INTRODUCTION
Gravity seems the least well understood of the four known forces. General relativity and quantum theory are both impressively confirmed within their domains of validity, but are, of course, mutually inconsistent. No fully consistent quantum theory of gravity is known, and deep conceptual problems in formulating and interpreting such theories remain unsolved, despite decades of research. If we assume a many-worlds interpretation of quantum theory, then semi-classical theories of gravity coupling the metric to the expectation of the stress-energy tensor via the Einstein equations [1, 2] are inconsistent with cosmological observation, and are also contradicted by terrestrial experiment [3] . If not, some explicit theory of collapse seems to be needed, and it is hard to see how to combine such a theory with gravity in a generally covariant way. Another theoretically interesting possibility is that a classical metric might be coupled to quantum matter via stochastic equations [4, 5] : however, no consistent theory along these lines has yet been developed.
One key feature on which the various theories and proto-theories of gravity differ is the causal structure of the classical or quasi-classical space-time which emerges. Bell's definition of local causality [6] , a condition which Bell's theorem famously shows quantum theory does not respect, has been adapted to space-time physics by Rideout and Sorkin [8] and Henson [9] , among others: the following version is due to Dowker [10] .
Define a past region in a metric spacetime to be a region which contains its own causal past, and the domain of dependence of a region R in a spacetime S to be the set of points p such that every endless past causal curve through p intersects R. Suppose that we have identified a specified past region of spacetime Λ, with specified metric and matter fields, and let κ be any fixed region with specified metric and matter fields. We define Prob(κ|Λ) to be probability that the domain of dependence of Λ will be isometric to κ. Let κ ′ be some other region of spacetime, again with specified metric and matter fields, which we know is spacelike separated from the domain of dependence of Λ. We say a metric theory of space-time is locally causal if for all such Λ, κ and κ ′ we have
General relativity is clearly locally causal, since the metric and matter fields in the domain of dependence κ are completely determined by those in Λ via the Einstein equations and the equations of motion. If we neglect (or believe we can somehow circumvent) the fact that quantum theory is not locally causal (in Bell's original sense), it also seems a natural hypothesis that any fundamental stochastic theory of space-time, or any fundamental stochastic theory coupling a classical metric to quantum matter should be locally causal: one reason for doing so is that it seems hard to see how to frame closed form generally covariant equations for such a theory otherwise.
However, we should not expect a quasiclassical space-time emerging from a quantum theory of gravity to be locally causal, for the following reason. Consider a standard Bell experiment carried out on two photons in a polarization singlet state. For definiteness, let us say that the two possible choices of measurement on either wing are made by local quantum random number generators, and are chosen to produce a maximal violation of the CHSH inequality [12] .
We suppose that the two wings of the experiment, A and B, are fairly widely separated. Now suppose that the detectors in each wing are coupled to nearby Cavendish experiments, in such a way that each of the two settings and two possible measurement outcomes on any given wing causes one of four different configurations of lead spheresconfigurations which we know would, if the experiment were performed in isolation, produce one of four macroscopically and testably distinct local gravitational fields. Suppose also that the Cavendish experiments are arranged so that the local gravitational fields are quickly tested, using small masses on a torsional balance in the usual way. The separation of the two wings is such that the gravitational field test on either wing can be completed in a region space-like separated from the region in which the photon on the other wing is detected.
A quantum theory of gravity should predict that the superposition of quantum states in the singlet couples to the detectors in either wing to produce entangled superpositions of detector states, and thence entangled superpositions that include the states of the Cavendish experiments, and finally entangled superpositions of states that include the states of the local gravitational field. Extrapolating any of the standard interpretations of quantum theory to this situation, we should expect to see precisely the same joint probabilities for the possible values of the gravitational fields in each wing's experiments as we should for the corresponding outcomes in the original Bell experiment. As Bell [11] and Clauser et al. [12] showed, provided we make the standard and natural (although not logically necessary) assumption that the measurement choices in each wing are effectively independent from the variables determining the outcome in the other wing, these joint probabilities violate local causality in Bell's original sense. We now make the further natural assumption that when, as in our proposed experiment, the measurement choices are made by the outputs of the local quantum random number generators, the choices made on each wing are independent of the metric and matter fields in the past of the measurement region on the other wing. Then, if κ is the region immediately surrounding the measurement choice and outcome in one wing of the experiment, κ ′ the corresponding region for the other wing, and Λ the past of κ, we have
It might perhaps be asked whether such an experiment needs to be performed, given the impressive experimental confirmation of quantum theory in Bell experiments to date. This would, though, miss the point entirely. Taking the Bell experiments to date at face value -that is, neglecting any remaining possible loopholes in their interpretationthey help to confirm quantum theory as a theory of matter fields when gravity is negligible. Specifically, they help to confirm that quantum theory gives a valid description of matter states when those states do not produce significant superpositions of macroscopically distinct gravitational fields. The question at issue here is precisely how far quantum theory's domain of validity extends and, in particular, whether intuitions based on quantum theory or those derived from general relativity give a correct account of the causal relations of spacetime.
This seems, with hindsight, a very natural development of the line of questioning begun by Einstein, Podolsky and Rosen [13] and continued by Bell [11] . Standard Bell experiments test the conflicting predictions of quantum theory and of EPR's metaphysical intuitions about the properties of elements of physical reality. As Bell showed, these intuitions have a natural mathematical characterisation in the language of local hidden variables. However, neither EPR nor Bell produced a local hidden variable theory that is a compelling alternative to quantum theory. In contrast, in this extended experiment, we have a direct conflict between the predictions of two outstandingly successful theories: quantum theory and general relativity.
It might be counter-argued that common sense suggests that the correlations obtained from Bell experiments are not going to be altered by coupling further classical experiments to the detector outputs. The argument here would presumably be, first, that detector measurements in Bell experiments constitute local, macroscopic events that in some physically meaningful sense are classical and definite, and second, that the local gravitational fields respond instantly to these events in the same way as they would if they resulted from isolated experiments on unentangled states.
One general response is that twentieth century physics has from time to time exposed apparent common sense as hubris. Nature has a capacity to surprise, and surprising experimental results sometimes have theoretical explanations which occurred to nobody beforehand. More specifically, it seems worth noting that, while both stages in the last paragraph's argument seem very plausible, neither is completely self-evident. There are logically possible alternatives, which we cannot exclude with certainty without carrying out the experiment.
For example, one could imagine (following Penrose [4] and others [5] ) that experimental measurements on quantum states only become classical and definite -in the relevant sense -once they cause a collapse of a superposition of macroscopically distinct gravitational fields. One could also imagine that Bell experiments agree with the predictions of quantum theory they cause only one such collapse (perhaps when the data are collated and a classical record is created), or if they cause two such collapses that have timelike separation, but disagree with the predictions of quantum theory if they cause spacelike separated collapses in the two wings of the experiment. On this hypothesis, as Bell experiments to date have not attempted to create significant variations in the local gravitational fields at spacelike separated points, one should expect them to confirm the predictions of quantum theory. However, the hypothesis implies that the Cavendish-Bell experiment proposed here would produce different results.
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As another speculative example, one might imagine that some novel classical theory of gravity follows general relativity in giving a block universe picture of space-time defined by a classical 4-geometry, and that the relevant geometric theory is statistical in form. That is, the 4-geometry is drawn from a probability distribution defined by some set of principles (which obviously must also involve the evolution of matter), which (to be consistent with observation to date) tend to produce spacetimes approximately described by the Einstein equations on large scales and which (to be interesting in the context of the present discussion) include or imply local causality of the metric.
To note these possibilities, of course, is not to advocate them: they are just possible speculations, not consequences of some existing consistent theory uniting quantum theory and gravity. The aim here is a much more modest one: to point out that alternatives can be imagined, and to suggest that it would be interesting to have experimental evidence on the question, particularly since we have no fully consistent quantum theory of gravity either.
What, then, are the conceivable experimental outcomes, and what would they imply? One is that the violations of local causality predicted by quantum theory, and to be expected if some quantum theory of gravity holds true, are indeed observed. This would empirically refute a key feature of general relativity, namely, the local causality of space-time. It would also provide significant evidence -arguably (pace Page and Geilker [3] ) the first significant experimental evidence -in favour of some quantum theory of gravity.
A second is that the violations of local causality predicted by quantum theory fail to be observed at all in this particular extension of the Bell experiment: i.e., that the measurement results obtained from the detectors fail to violate the CHSH inequality. This would imply that quantum theory fails to describe correctly the results of the Bell experiment embedded within this particular experimental configuration, and so would imply a definite limit to the domain of validity of quantum theory.
A third, conceivably, is that the Bell experiment correlations follow the predictions of quantum theory, but that the Cavendish experiments show gravitational fields which do not correspond to the lead sphere configurations in the expected way (or at least do not do so until a signal has had time to travel from one wing to the other). This would suggest the coexistence of a quantum theory of matter with some classical theory of gravity which respects local causality, but which has the surprising property that classical gravitational fields do not couple to classical matter in the way suggested by general relativity.
At any rate, the point at issue seems sufficiently fundamental, and our present understanding of gravity sufficiently limited, that it would be interesting to carry out the experiment.
